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Abstract 

There is a unique SU(4) (g> SU(2) L <S> SU(2) fl gauge model which allows quarks and leptons 
to be unified at the TeV scale - thereby making the model testable and avoiding the gauge 
hierarchy problem. In its minimal form, this model could quite naturally accommodate 
simultaneous solutions to the solar and LSND neutrino oscillation data. The atmospheric 
neutrino anomaly can be easily accommodated by mirror-symmetrising the minimal model. 
The model also contains three right-handed neutrinos, with masses in the range 1 keV to ~ 
1 GeV. We investigate the implications of these right-handed neutrinos for early Universe 
cosmology. It is shown that the minimal model is inconsistent with some of the standard 
assumptions of the big bang model. This motivates an examination of non-standard big 
bang cosmology, such as a low reheating temperature scenario with Trh ~ MeV. In such a 
Universe, peaceful co-existence between low-scale quark-lepton gauge unification and early 
Universe cosmology is possible. 



I. INTRODUCTION 



The similarities between the quarks and leptons does hint at the possibility of a symmetry 
between them. The first example of such a theory is the Pati-Salam model Jl|, which is 
based on the SU(4) ® SU(2) L ® 811(2)^ gauge group. While a very good idea, this particular 
model has a number of serious drawbacks. One problem is that experiments constrain 
the high symmetry breaking scale to be greater than 20 TeV @, making direct tests of 
the model impossible, at least within the next quarter century. Moreover, the presence of 
a high symmetry breaking scale, significantly greater than a TeV, becomes theoretically 
problematic since it leads to the gauge hierarchy problem. This is quite unlike the situation 
in the standard model where there is no 'hierarchy problem' as such because there is only 
one scale in the Higgs potential. However in extensions of the standard model involving 
two (or more) symmetry breaking scales, there can be a significant fine- tuning problem if 
the scales are widely separated and appear in the Higgs potential. In that case, the fine- 
tuning problem can be alleviated if one also assumes that low energy supersymmetry exists. 
Unfortunately, this does not completely solve the problem, though, since one still needs to 
arrange the hierarchy at tree level. Also, low energy supersymmetry generates a host of new 
problems such as sparticle mediated FCNC, rapid proton decay, /i-problem, etc., so that it 
ends up creating more problems than it solves - clearly an unsatisfactory situation. 

Perhaps an interesting question is the following one: Is it possible to build a simple 
gauge model which unifies quarks and leptons at low scales (~ few TeV) so that the gauge 
hierarchy problem is avoided? The first such model was written down some time ago 0, 
whereby a leptonic SU(3)<? gauge group was introduced allowing for a discrete quark-lepton 
(spontaneously broken) symmetry to exist. The main problem with the discrete symmetry 
approach comes from neutrino masses. The lightness of the neutrino masses in that model 
(as with the usual Pati-Salam model) suggests a high symmetry breaking scale (^> TeV) 
if the usual see-saw mechanism is employed, and while there are alternatives ||, they are 
somewhat complicated. Searches for new ideas led to the alternative SU(4) ® SU(2) L <g> 
SU^)^ gauge model |jj which allows for TeV scale quark-lepton unification without any 
problems for existing experiments with necessarily tiny neutrino masses. This 'alternative 
422 model' predicts a multitude of new phenomenology including: rare B, K decays, baryon 
number violation as well as non-zero neutrino masses, all of which are within current bounds, 
despite the low symmetry breaking scale of a few TeV [see Refs. ||[9| for more details of the 
phenomenological implications of the model]. 

In Ref. IBIl the extent to which the minimal alternative 422 model could accommodate 



*It is sometimes asserted in the literature that a hierarchy problem also exists between the weak 
scale and the 'Planck' scale; however in this case things are much less clear. Firstly, the physics 
of the Planck scale is really not understood at the moment so it is not yet clear whether this (as 
yet unknown) physics will lead to a fine-tuning problem. Another line of argument asserts that 
there exists a fine-tuning problem between the weak scale and a momentum 'cut-off. However 
that argument depends on the regulator scheme used Q, [see also Ref. j|] and should not be taken 
too seriously. 
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solutions to the neutrino physics anomalies was investigated. While it did not seem possible 
to simultaneously accommodate solutions to all three classes of neutrino physics anomalies 
[i.e. LSND pi, solar [n,|I2,I3| and atmospheric fll4] , |i5|| neutrino anomalies], it was shown 



that the minimal alternative 422 model can quite naturally accommodate the LSND and 
atmospheric neutrino anomalies. The solar neutrino problem could be explained if the model 
was extended with a mirror sector . Since that time, there has been an important new 
development. SNO has now measured both neutral- and charged-current solar neutrino 
fluxes, providing strong evidence that large angle active-active oscillations are occurring 
T3fl . In view of this new development, the available information suggests an essentially 



unique picture JT7 



v e — > v T large angle oscillations explains the solar neutrino problem 

v ii ~^ v s large angle oscillations explains the atmospheric neutrino anomaly 

~~ * small angle oscillations explain LSND data (1) 

where v s is a hypothetical effectively sterile neutrino. While the atmospheric neutrino data 
prefer the — > v T channel, it is also true that the — > v s possibility is only mildly 
disfavoured, at the ~ 1.5cr — 3a level, depending on how the data are analysed []i~8| , |19| . The 
overall goodness of fit (g.o.f ) of the above scheme has recently been explicitly calculated in 
Ref. f20||, where it was found to be 0.26. That is, there is a 26% probability of obtaining 



a worse global fit to the neutrino data. This shows that the above scheme still provides 
a reasonable fit to the totality of the neutrino oscillation datJ. Although this scheme is 
not particularly popular, it at least has the virtue that it will be tested in the near future: 
MiniBooNE will test the oscillation explanation of the LSND anomaly, while the forthcoming 
long baseline experiments (MINOS and CNGS) will discriminate between the — > v steT n e 
and —>■ v T channels used to resolve the atmospheric neutrino anomaly. 

The oscillation scheme [Eq. (|l])] is essentially unique in the sense that it is the simplest 
scheme involving only two-flavour oscillations explaining the totality of the data and also 



specific features such as SNO's neutral current /charge current solar flux measurement |T3 
Of course, other, but more complicated schemes involving multi-flavor oscillations, are pos- 
sible because they can also provide an acceptable fit to the data for a range of parameters. 
For example, one can have an additional parameter, sin 2 u, where sin 2 u = corresponds to 
the scheme, Eq. ([I]), sin 2 u; = 1 is similar to Eq. ([]]) with v T interchanged with v s and inter- 
mediate values of sin 2 oj corresponds to mixed active + sterile oscillations p2 . Such schemes 



are called 2 + 2 models because they feature two pairs of almost degenerate states separated 
by the LSND mass gap. While the scheme of Eq. (|l|) could be viewed as a particular 2 + 2 
scheme with sin 2 to — 0, it could alternatively be viewed as motivating the following hypoth- 



esis JT7J: The fundamental theory of neutrino mixing, whatever it is, features (i) large (or 



^Recently, Ref. [^T| has argued that all 4-neutrino models of the (2 + 2) variety are "ruled out" 
by the totality of neutrino oscillation data (solar, atmospheric and LSND). However the g.o.f. 
obtained by Ref. |^T| (g.o.f. = 10" 6 ) is not really the g.o.f but some other quantity. Indeed, as 
shown in Ref. pQ| , it disagrees with the actual g.o.f by more than 5 orders of magnitude. For more 
discussion on this issue, see Ref. |2Cj . 
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even maximal) — > z/ s mixing, (ii) small-angle active-active mixing except for the v e — > v T 
channel which is large. 

This hypothesis is the one which we adopt in this paper. We shall show that the minimal 
alternative 422 model is a candidate for the new physics required to explain the active-active 
oscillations suggested by the LSND and solar neutrino data within the above hypothesis. 
The atmospheric neutrino anomaly, as explained above, will be assumed to be due to — ► v s 
oscillations. The 422 model does not have any suitable candidates for the needed light sterile 
neutrino (it does have effectively sterile right-handed neutrinos, but it turns out that they 
are too heavy ||). 

It is known ]16] that three light effectively sterile neutrinos (i/, v' v' T ) maximally mixed 
with their active partners is predicted to exist if mirror symmetry is an exact fundamen- 
tal symmetry. Thus, if we mirror symmetrise the model, we can easily accommodate the 
atmospheric neutrino anomaly, via — > v' oscillations. If the oscillation lengths of the 
v er ^i/ T oscillations are longer than the Earth-Sun distance for solar neutrinos, then this 
3 active + 3 mirror neutrino model effectively reduces to the required four-neutrino scheme, 
Eq. (|1|). It is also possible to have the oscillation lengths of the z/ 6)T — > v' er oscillations 
shorter than the Earth-Sun distance. This would mean a large sterile component (~ 50%) 
in the solar neutrino flux, which is still allowed by the data |23|| . [It would also require some 
modifications to the solar model, such as larger boron flux etc]. 

It turns out that the consistency between the low symmetry breaking scale and the 
solutions to these neutrino anomalies imposes some constraints on the possible forms that 
could be assumed by the Majorana mass matrix of the right-handed neutrinos (which form 
part of the particle content of the model). As a result the masses of the right-handed 
neutrinos in the alternative 422 model are constrained to be in the ranges of 1 keV - 10 keV 
and 4 MeV to ~ 1 GeV [see the forthcoming Eq. fl3"2] ) discussed in Section II]. 

These particles can potentially contribute significantly to the matter density of the Uni- 
verse. Within the framework of the standard big bang model of cosmology, an important 
constraint is that a given particle species X must satisfy the cosmological energy density 
bound 

n x = Px / Pc z i, (2) 

where fix is the contribution of their present density px normalised to the critical density, 
p c = 10 4 /i 2 eVcm -3 (h = if /100kms _1 Mpc~ 1 is the normalised Hubble constant). It has 
been a routine practice to check if new particle species contained in a given extension of the 
standard model are compatible with standard cosmology and other astrophysical bounds. 
This 'consistency check' will form the content of the first half of the present paper. It is found 
that even the lightest right-handed neutrinos contained in this model are not consistent with 
standard big bang cosmology. 

Despite the claims that cosmology has ushered into an era of unprecedented precision, 
there are still many unsettled issues at the interface of particle physics and cosmology [see, 
for example, Ref. [Q for a general account of pending issues facing particle cosmology]. 
The inconsistency of a particle physics model with standard cosmology does not necessarily 
mean that a given particle physics model is not realistic. The standard big bang cosmol- 
ogy is generally not robust against plausible modifications (either by new observations or 
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theoretical input) to a set of standard assumptions. Hence it requires some cautious at- 
titude when one is to use standard cosmology to 'rule out' or support a given extension 
of the standard model of particle physics. For example, the standard cosmological model 
contains an implicit but not observationally justified assumption that the reheating tem- 
perature (corresponding to the highest temperature during the radiation-dominated epoch) 
of the early Universe is much higher than the characteristic temperatures of cosmological 
processes under investigation (e.g. the freeze-out temperature pertinent to a given particle 
species). However, Refs. [0,^] show that the reheating temperature that is consistent with 
the observational light element abundances could be as low as 0.7 MeV. The possibility of a 
low reheating temperature scenario has prompted many works since then (see for example 
Refs. [^,^,^,|3l). For instance, Refs. [f27l , [28f have shown that in a low reheating cosmol- 
ogy the relationship between the relic density of an exotic particle species normalised to the 
present energy density of the Universe deviates from that of the standard case. As a result, 
well-known constraints (such as the Cowsik-McClelland bound ||31|| ) previously imposed on 
the masses of the ordinary neutrinos can be greatly relaxed in such a scenario. 

In the low reheating temperature scenario, we shall re-analyse the cosmological con- 
straints imposed on the right-handed neutrinos contained in the alternative 422 model. 
We find that a low reheating temperature cosmology is consistent with the alternative 422 
model, as there is some parameter space in which the right-handed neutrinos can accommo- 
date the cosmological and other astrophysical bounds. We also point out that the lightest 
right-handed neutrinos of the model provide an interesting dark matter candidate. 

The plan of this paper is as follows. In Section II we first briefly explain how the minimal 
version of the alternative 422 model accommodates the solutions to the LSND and solar 
neutrino data, which consistency requires the mass spectrum of the right-handed neutrinos 
to fall in a specific range. Then, in Section III we examine the cosmological implications of 
these right-handed neutrinos in the framework of standard cosmology. Having shown that 
the right-handed neutrinos are inconsistent with standard cosmology, we proceed (in Section 
IV) to examine the right-handed neutrinos in the non-standard low reheating temperature 
scenario with Trh ~ a few MeV. Taking the reheating temperature Trh as a free parameter 
with a rough lower bound of Trh ~ 0.7 MeV, we show that the right-handed neutrinos could 
circumvent the cosmological energy density bound for some parameter range. In Section V 
we conclude. 

II. THE MASSES OF THE RIGHT-HANDED NEUTRINOS IN THE 

ALTERNATIVE 422 MODEL 

We first revise the details of the model and explain how it can accommodate the large 
angle v e — > v T and small angle — > v e oscillations suggested by the solar and LSND 
anomalies. We refer the reader to Ref. || for further details. 

The gauge symmetry of the alternative 422 model is SU(4) ® SU(2) L ® SU(2) R . Un- 
der this gauge symmetry the fermions of each generation transform in the anomaly-free 
representations: 

Q L ~ (4, 2, 1), Qr ~ (4, 1, 2), f L ~ (1, 2, 2). (3) 
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The minimal choice of scalar multiplets which can both break the gauge symmetry correctly 
and give all of the charged fermions mass is 



Xl~ (4,2,1), Xfl ~(4,l,2), 
These scalars couple to the fermions as follows: 



W). (4) 



C = A x Tr 


QL(h) C T2XR 


+ A 2 Tr 


QnfIr 2 XL 


+ A 3 Tr 


Ql^t 2 Qr 


+ A 4 Tr 


Ql(P c t 2 Qr 



+ H.c, 

(5) 

where the generation index has been suppressed and <p c = r 2 <f)*T 2 . The model reduces to the 
standard model following the spontaneous symmetry breaking pattern: 

SU(4) ® SU(2) L ® SU{2) R 
I (xr) 

SU(3) c ®SU(2) L ®U(l) y 
I (<!>), (Xl) 

SU(3) C ®U(1) Q . (6) 

Note that the SU(4) group has a maximal SU(3) C ® U(1)t subgroup with the 4 representation 
having the branching rule 4 = 3(1/3) + 1(— 1). The vacuum expectation values (VEVs) can 
be conveniently expressed in terms of the T, I 3R , I 3L charges as 



(Xr( t = -hIaR = 
(4>{hL = -Isr 



1/2)) = w R , ( X l(T = -1, I 3L = 1/2)) = w L , 
= -1/2)) = Ul , (<f>(I 3L = -I 3R = 1/2)) = u 2 . 



(7) 



Note that Y = T + 2I 3 r is the linear combination of T and I 3 r which annihilates (xr) 
(i.e. Y(xr) = 0) and Q = I 3 l + \ is the generator of the unbroken electromagnetic gauge 
symmetry. Observe that in the limit where wr ^> Wl,Ui,u 2 , the model reduces to the 
standard model at low energies. 

The identity of the particles in the fermion multiplets, Eq. (|3|), can now be made explicit. 
We have the known quarks and leptons, along with some exotic heavy leptons {E°, E~} and 
a right-handed neutrino, vr. 



QT 






(8) 



In the above representation, a = ±|, /3 = ±| index the SU(2) L and SU(2)# components 
respectively. The SU(4) decomposition into the SU(3) c ®U(1)t maximal subgroup is indexed 
by 7 = 7 ; (|) © 4(— 1), where 7' = y, g,b is the usual colour index for SU(3) C and 7' = 4 
refers to the fourth colour. The number in the bracket refers to the T charge of the subgroup 
U(l)y. In the above matrices the first row of Ql and fi (Qr) is the I 3L (I 3 r) = a (/?) = 1/2 
component while the second row is the I 3 l {Isr) = ot ((3) = — 1/2 component. The columns 
of Ql,Qr are the 7'(|) and 4(— 1) components of SU(4), and the columns of fi are the 
I3R = P = ±1/2 components. Each field in the multiplets Eq. (Rl) represents 3x1 column 
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vector of three generations. The tilde in the fermion fields signify that they are the weak 
eigenstates, which are generally not aligned with the corresponding mass eigenstates. 

A set of theoretically arbitrary CKM-type unitary matrices are introduced into the theory 
to relate the weak eigenstates with their corresponding mass eigenstates. The basis is chosen 
such that 

E R = V^E R , E L = U^E L , 
U R = Y R [U R , U L = Y}U L , 

D R = K'D R , (9) 

and Dl = D e ,~Il = I e ,~Ir = Ir- The matrix = Ki is the usual CKM matrix (as in 
the standard model), whereas Y R K'^ = K R is the analogue of the CKM-type matrix for the 
right-handed charged quarks in the SU(2)# sector. The matrix K' is the analogue of the 
CKM-type matrix in the SU(4) sector pertaining to lepto-quark interactions. 

The model contains new gauge bosons: W, W R and Z'. The masses of these new bosons 
and the exotic leptons {E°, E~} are constrained to be within the range: 

0.5(1.0) TeV ~ M Wr ,M z .(Mw) ~ 10 TeV, 

45 GeV ~ M Ei ~ 10 TeV. (10) 

Note that the lower limit on the mass of the E leptons arises from LEP measurements of the 
Z° width, whereas the lower bound on the masses of Z', W R is obtained from the consistency 
of the model with LEP data [^|. The upper bound is a rough theoretical limit — the scale 
of symmetry breaking cannot be much greater than a few TeV, otherwise we would have a 
gauge hierarchy problem. By this we mean a real fine-tuning problem in the Higgs potential, 
not a hypothetical problem with the Plank scale or artificial cut-off parameter. 

At tree level, mixing between v R with E\ R in the Lagrangian density of Eq. (^) gener- 
ates the 3x3 Majorana mass matrix M R for the right-handed neutrinos after spontaneous 
symmetry breaking (SSB): 

M R ~ (m^M^YlMuY^ + (m^M^YlMuY^ , (11) 

where Mj, M u , M E are the 3x3 diagonal mass matrices for the standard charged lep- 
tons, up-type quarks and the exotic E leptons. We know that the CKM matrix is ap- 
proximately diagonal, Yl ~ I3, whereas the rest of the CKM-type matrices (which are 
not present in the standard model) are poorly constrained by experiments (except for 
the matrix K' which is constrained to only a few specific forms by limits on rare 
and B° decays mediated by the W bosons, see Ref. ||). In the special case of decou- 
pled generations (e.g. Yl = Y R = U — V = I), M R reduces to a diagonal matrix 
M R = diag {2m u m e /M El ,2m c m fl /M E2 ,2m t m T /M E:j }. 

At the one-loop level the gauge interactions from the charged SU(2)x gauge bosons W E 
and SU(2) R gauge bosons W R give rise to z>l(z>l) c Majorana mass vcim, vlv r Dirac mass 
m E and ul(E l ) c mass mixing term m uE v. The Majorana mass tum is generically very small 



■^There is also radiative neutrino masses arising from the scalar sector of the model. But because 
of the larger arbitrariness in the scalar interactions we do not consider them in depth. 
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in comparison to and m^E, and can be ignored in the subsequent discussion. The Dirac 
mass matrix is generated [Fig. 1] via the diagonal (i.e. no cross generation mixing) 
gauge interactions 

^flWtlL + ^jfR WPr + H.c, (12) 

where is the usual SU(2) L coupling constant, and qr is the SU(2) fi coupling constant. 
As discussed in Ref. [0, g R (M w >) « g L (M w <)/V3. 

The mass matrix is diagonal, and is parametrised by < rj < 1 such that 



where 



m D = MmS, (13) 



s = s(m Wr ) = 9 -f± i in < M ^ 



8tt 2 2V3M^ R m t \M^ L 

V 

M w R , 



lO-'f^V. (14) 




FIG. 1. Dirac mass generated by gauge interactions leading to the mass term vlvr- 
g? = gngLUiU2 is the Wl — Wr mixing mass squared. 

The mass mixing term m V E [Fig. [2| arises at one-loop level via the gauge interactions 

y=Mw£Ez + ^nT cvj Vfth + H - c - ( 15 ) 

In contrast to the mass matrix tub, the involvement of the matrix V in the interactions 
Eq. fll5|) may mediate cross generational mixing so that the matrix m V E is non-diagonal 
in general. However, in the special case of decoupled generations (i.e. V — > I), the mass 
matrix m U E reduces to the diagonal form 

lim m U E = t/MeS. (16) 
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FIG. 2. & L {E° L ) C neutrino mixing term generated by gauge interactions leading to the mass term 
m vE . 

Hence, we obtain an effective Lagrangian density for the mass matrix of the neutrinos (which 
are approximately decoupled from the heavy E leptons), 

Ceff = \{^l¥^ c )m u ^ ( ^ )C )+ H. c., (17) 
where the matrix M u is given by 



with 



rn 



D 



m D + m^M^V 1 M h (19) 



and Mr is given in Eq. (|Tl"|). 

In the see-saw limit where the eigenvalues of Mr are much larger than the eigenvalues 
of m' D (which is generally valid), the right and left neutrino states are effectively decoupled: 

1_ 



C see-sa W „ ^^(ytf + -{v^MrVr + H.C., (20) 

where 

m L ~ -m' D MR l (m' D ) ] . (21) 

Knowledge of the mass matrix for the light neutrinos, mi, allows us to work out the oscilla- 
tion parameters (i.e. the mixing angles and 8m 2 ) among the light neutrinos Ul, and thereby 
make contact with the neutrino data. For the sake of simplicity, we will drop the tilde in 
the neutrino fields in the subsequent discussion whenever no confusion could arise. Unless 
otherwise stated, the symbols z/^, vr are all (approximately) flavour eigenstates. 

One way to obtain large v eL — > u tL oscillations as suggested by the SNO data and other 
solar neutrino experiments and small mixing angle u e L oscillations for the LSND data 

is for the mass matrix in Eq. ( PT|) to have the approximate form 



m L w m 2 , (22) 




where the '0' elements are not strictly zero, but much smaller than the m^. Clearly the mass 
matrix has 3 eigenvalues, X[ ~ A' 3 ~ mi, A' 2 ~ m 2 . If this mass matrix is to be consistent 
with the solar and LSND neutrino data, then it is required that: 

A. A' x and A' 3 have to be split in such a way that \X'l — A' 3 | is identified with Sm^ olar , 

\X'l - X'l\ = 5m 2 solar . (23) 
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B. For the sake of naturalness, the absolute mass scale of m\ has to be much larger than 



5m 2 



solar i 

™\ > 5m 2 olar . (24) 



C. We require that 

Sm lsND = - - \ m l -™\\, ( 25 ) 

where 0.2 eV 2 ~ 6m 2 LSND ~ 10 eV 2 . 

Our strategy now is to find the forms of the CKM matrices (and the corresponding 
Yukawa matrices Ai — A4) which lead to a neutrino mass matrix of the form Eq. (p2|). 
and also satisfy the requirements A, B and C. It turns out that the above conditions do not 
lead to a unique solution. However, if we impose an additional condition on the CKM-type 
unitary matrices that: 

D. There is a left-right similarity between the CKM matrix Kl and the corresponding 

CKM-type matrix Kr for the SU(2)^ interactions of the right-handed quarks, i.e. 

K L « K R (= Y ] r K' ] ) « I, (26) 



then apparently a unique picture emerges. That is, it is found that there is a simple set 
of CKM-type matrices where the theory is consistent with a SU(4) <8> SU(2) L <g> SU(2) H 
symmetry breaking scale of less than a few TeV and reproduces the form of as in Eq. 
(E3) with the conditions Eqs. (E3)-(E9) satisfied! 



V&I 3 ,U 



/0 1 
1 I . K ' & V, 

Vo 1 0. 




(27) 



Eq. (p6|) amounts to suggesting that the non-diagonal K' (required for low symmetry break- 
ing scale, see [§) and non-diagonal (required to obtain large mixing angle v e L — > u T i 
oscillations) may have a common origin. 

The set of CKM-type matrices [Eq. (p7[) 1 would arise in the theory if we make the 
following ansatz for the Yukawa matrices Ai, A3, A4: 



= The form of these matrices could be derived following a similar procedure as was done in Ref. 
||. Recall that in Ref. Q it was assumed that the atmospheric neutrino anomaly is solved by 
v^l v tL oscillations, the LSND data is solved by v^l — ¥ v eL oscillations with the solar neutrino 
anomaly solved by v e t — ► v steri i e oscillations. While in the present (post SNO) paper the solar 
neutrino anomaly is solved by z/ e L — ^ v tL oscillations, the LSND data is solved by v^l — > ^eL 
oscillations and the atmospheric neutrino anomaly is solved by v^L ^sterile oscillations. The 
difference is essentially a transformation of v e L <-> VnL- 
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Ai « x , A 3 w x , A 4 « x , (28) 



with the matrix A2 approximately diagonal. In other words, if Ai, . . . , A4 have the above 
form then a low symmetry breaking scale (~ few TeV) is phenomeno logically viable, and 
additionally, the model can accommodate the large mixing angle u e L — > v t l solution to the 
solar neutrino problem as well as small angle — > v e ^ oscillations as suggested by the 
LSND experiment. In this solution scheme, the absolute scales of the mass squared of the 
left-handed neutrinos turns out to be0 



m\ « 4,^A4(^) 2 ~ W-V(^) 2 eV 2 . (29) 



The matrices in Eqs. (p6|) , (|27|) are translated [via the matrix M R in Eq. (11)] into the 
following mass spectrum for the right-handed neutrinos: 

m T m u m e m c m T m u 
M E3 ^ M El M E3 ' 

m uR2 = — • (30) 

Me 2 

Among Mgj, Mez is constrained by the requirement to accommodate the solution to the 
LSND result [Eq. fl2"5| ) and Eq. p5|)] which implies the lower bound 

M Es ~ TeV. (31) 
This bound on the mass of Me z in turn constrains the mass spectrum of m UR to the ranges: 

1 keV ~ m uR1 w m uR3 ~ 10 keV, 
4 MeV ~ m^ 2 ~ 1 GeV. (32) 

In other words, in the present solution scheme there are two approximately degenerate light 
right-handed neutrinos v R x, h> R3 (with masses in the range keV — 10 keV) and a heavy u R2 
with mass in the range of ~ MeV to ~ 1 GeV. 

The mixing between the left and right neutrino sectors, though suppressed, could be 
detected in a tell-tale kink (slope discontinuity) in the otherwise continuous spectrum of a 
low Q- value nuclear beta decay (such as the tritium beta decay) |[32|| . For ordinary-sterile 
neutrino two-state mixing, the weak eigenstates {Dl, (vr) c } will be linear combinations of 
the two mass eigenstates \y L , [y R Y\- 



**For numerical definiteness, we have assumed S to take on a value near its allowed upper bound, 
S ~ 1(T 6 , see Eq. (0). 



10 



v L = cosipVL + sin iP{vr) c , (vr) c = - sin^u L + cosip(p R ) c , 



(33) 



where the mixing angle between the i-left-handed state and j-right-handed state is given by 

rrii 



sin if)i 



m 



v Rj 



which is of significant interest only for ij = {13}, {31}, i.e. 



sin 2 ^ 13 ~ sin 2 -^3! ~ 10 3 r/ 2 (keV/m 



VRl, 



(34) 



(35) 



The mixing between — [y^) c is much smaller and we can ignore it (as with the other 
ij 7^ {13}, {31} channels). We will take the convention 



m- 



(36) 



so that 5mf- is positive. Due to the mixing, the spectrum of a weak decay that includes v eL 
in the final state will consist of two components corresponding to m\ and m VR3 . In the limit 
m UR3 ^> mi, the observed beta spectrum can be expressed as the product of the massless 
neutrino spectrum and a massive neutrino shape factor S(E), 



dN dN(E, mi = 0) 

oc — "(A J j 



with 



S(E) 



dE 



1 + tan 2 ip 13 



dE 



l -R3 



(37) 



1/2 



for E < Q 
for E > Q 



m 



VR3 



(38) 



m 



where E is the beta decay's energy and Q is the total decay energy. The mixed spectrum 
will display a kink at E = Q — m VR3 corresponding to the mass m UR3 and mixing angle of 
Eq. ([35|), which is a signature predicted by the 422 model. At present, the sensitivity of 
the experimental searches for such kink in nuclear beta decays, which only sets an upper 
bound of sin 2 -013 ~ few 10~ 3 for m Um in the range of a few keV is on the verge of 
detecting the presence of the keV component predicted by the 422 model. If the sensitivity 
of the experiments could increase by two orders of magnitude in the future, we will be able 
to verify (or falsify) the model by detecting (or not detecting) this signature. 

Having addressed the significance of the laboratory signature from the mixing between 
the left- and right-handed neutrinos, we now turn to investigate the cosmological implica- 
tions of these right-handed neutrinos which are potentially in conflict with the standard 
cosmological energy density bound.O 



ttNote that the exotic leptons {E°,E~} do not lead to a cosmological energy density problem. 
This is because their masses are heavy enough to allow them to rapidly decay into quarks and 
leptons via the gauge interactions. 
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III. THE RIGHT-HANDED NEUTRINOS IN THE FRAMEWORK OF 

STANDARD COSMOLOGY 



In this section we would like to determine if standard big bang cosmology is consistent 
with the minimal 422 model. Within the context of the standard big bang model, the 
present energy density of a given particle species X, p x must not be much larger than the 
critical density of the Universe p c , see Eq. (0). The first check of the implications of the 
minimal alternative 422 model on the standard cosmological picture is therefore to estimate 
the present energy density of the right-handed neutrinos in this model. In the following 
we will estimate the present day relic density of vri, Ur3 with the assumption that they are 
'hot' (i.e. particle species that freeze-out from the thermal plasma while still relativistic) 
and approximately stable in the standard early Universe scenario. The heavier vr 2 neutrinos 
will be discussed separately in Section IV.B. 

In the alternative 422 model, the dominant decay mode of VRijVm is the Z' -mediated 
tree-level process, 

z° 

vri,R3 — > ^r, e + v a v a {a = e, /i, r), (39) 
with a lifetime of the order 

r„ ( m„ V 10 22 /keV\ 3 
T — ~ 5h7fe V"W ~ ~rf\mZj <40) 

(where r M pa 10~ 6 s is the muon decay lifetime) which is much larger that the age of the 
Universe, tjj ~ 10 17 s. Therefore Vri,vr3 could be taken as approximately stable as far as 
their contribution to the energy density of the Universe is concerned.0 

The relic density is a function of the masses of the right-handed neutrinos. Obviously, 
a heavier relativistic particle has a larger contribution to the relic density. Because various 
observations limit the relic density to be less than the critical density of the Universe, this 
will in turn suggest an upper limit on the masses of these particles which can be compared 
with the mass range of Eq. ((53). It is fairly straightforward to estimate the constraint 
imposed on the masses of the right-handed neutrinos from Q VR h 2 ~ 1 within the standard 
cosmological framework (see for example Chapter 5 in Ref. p5|). 



Win addition to the tree-level decay of Eq. (|39|), there also exists a sub-dominant ra- 
diative decay mode ur — ► vlI at one-loop level. Since the transition moment is gener- 
ated at one-loop level, its decay rate is suppressed. From Ref. [34] it can be estimated 
to be T 7 /r^ ~ ^sm 2 e mix {m VR /m^\m T /M WL ) A sm 2 4> ~ 1(T 4 V sin 2 4>(m UR /keV) 5 , where 

M 2 

Isin^mjJ = 7T7g ,Ji L 7^T ~ 10 -4 is the Wl — Wr mixing angle and sincS> is the relevant lep- 

2Vo M w R * 

tonic Kr mixing angle. The radiative lifetime of vr — > ui/y should be larger than 10 24 s, which 
is required by the astrophysical constraint from the diffuse photon background for a radiatively 
decaying species X in the mass range of m-x~ keV [35]. Not surprisingly, we find that this is in 
fact the case for the light right-handed neutrinos for all parameter space of interest, and thus this 
decay mode can be safely ignored. 
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In order to find out the relic abundance of the lightest right-handed neutrino we need to 
estimate its production rate. Production of right-handed neutrinos can occur via two distinct 
mghanisms. First there is a direct production by Z'- and W^-mediated interactions, such 

ZrZR <^-> VrVr. (41) 

Second, right-handed neutrinos can be produced via oscillations of vl {vr) c - However, 
for the purpose of this section, we will ignore the second production mechanism because it 
will not modify our general conclusions. 

To estimate the relic abundance of the uri,ur3 from direction production, we have to 
sum over the averaged direct production rates, i.e. Y = J2ip{^{pip-^u^u R ) f° r V' = e L, cr, v a L- 




FIG. 3. Direct production of the right-handed neutrinos via scatterings of ipi^^VRVR mediated 
by Z', where ip = e L ,e R , v aL (a = e, fx, r). 

As the Universe expands, the temperature (denoted by T) decreases, and so does the rate of 
direct right-handed neutrino production. When the temperature drops below a certain value 
Tp (the freeze-out temperature) the production rate would not be large enough to thermalise 
the right-handed neutrinos with the thermal background. The right-handed neutrino is said 
to freeze-out from the thermal background, leaving behind its abundance frozen at the 
value it had when last in thermal equilibrium. The freeze-out temperature is approximately 
determined from the condition that the scattering rate T has decreased to that of the Hubble 
expansion rate H, 

T(T) « H(T), (42) 
where the Hubble expansion rate is given by 

H = l.my/glT 2 /M Ph (43) 



§§In addition to the process in Eq. (|4l]), there are also other channels that contribute to the 
production of the right-handed neutrinos, including Wr mediated processes. The contribution from 
Wr mediated exchange will be at most the same order to that of the Z' exchange channel. For 
simplicity sake, in the following calculation we shall only take the Z' exchange channel into account 
for estimating the production of ur. Ignoring the Wr channel would not effect the conclusions of 
the present paper. 
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and the scattering rate is given by 



rCO = E< r ^W « ^'/t 5 . (44) 

•0 4 



In Eq. (H), M Pi is the Planck mass and counts the relativistic degrees of freedom that 
contribute to the energy density of the Universe, as defined in the usual way, by pn = i^g^T 4 . 



In Eq. (44[), G' F is a Fermi constant-like quantity that characterises the strength of the Z' 



neutral current interaction, 



°t = l^)V («) 



where Gf — 10 5 GeV 2 is the Fermi constant. The freeze-out temperature Tp can be 
estimated by solving Eq. (f42|) , which gives 



Tp ~ 50 MeV for M z > ~ TeV. (46) 
Comparing Eq. (4"S|) with the mass spectrum Eq. (R2) we see that the light right-handed 



neutrinos are indeed relativistic at T « Tp, which is what we have assumed. 

The right-handed neutrinos, after freezing out from the thermal background, would still 
maintain their equilibrium distribution at temperature T VR which eventually becomes smaller 
than the background photon temperature T by a factor of 



rp , after y 3 



before 
9*S 



(47) 



when the entropy from the e annihilation is transferred to the photons at T « m e . In Eq. 
(0)> 9 b *s° re coun ts the total number of relativistic degrees of freedom that contribute to 
the entropy density s of the Universe (as defined by s = ^g^gT 3 ) just a moment before 
T = m e , while g% ter counts the number of relativistic degrees of freedom at some later time. 
Standard calculation for the present energy density of the I'm, I'm right-handed neutrinos 
(normalised to the critical density) leads to 

l2 q / after . ? 2 

2 n VR m VR1 n 6 g^ s \n 1 m UR1 n 

Uvm+VRS 11 ~ " -T before Z ' ^> 



n 4 V a he f° re 



where = | ( g £ ? fore ) is the ratio of the number density of the UrS to that of the photons 

in the cosmic microwave background (CMBR). At present, n 1 = 422 cm -3 . The constraint 
VL VR1+URa h 2 ~ 1 restricts m UR1 to the range 

before 

™»m ~ 30 eV, (49) 

which is clearly not consistent with the mass spectrum of the right-handed neutrinos in Eq. 
(|52D, as the factor (gls e /gts) ls constrained to be around 16/5.82 = 2.75 for M z <~ few 
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TeV. Therefore we are led to the conclusion that, in the framework of standard cosmology, 
even the lightest right-handed neutrinos are not consistent with the cosmological energy 
density bound of Eq. (H). They will over-close the Universe. 

Confronted with the inconsistency with the cosmological energy density bound, one could 
attempt to modify the particle physics to get around the conflict with standard cosmology 
A popular way to do this is by introducing a massless Majoron J that arises from the 
spontaneous breaking of an imposed global symmetry. Things could be arranged in such 
a way that the coupling of J with vr opens up an invisible decay channel of vr into the 
undetected Majoron (and v£) that is rapid enough to alleviate the cosmological bounds. 
However, in our opinion, such a remedy is rather desperate, and we would not pursue it 
further to avoid spoiling the elegance of the 422 model. Instead of modifying the model we 
prefer to explore an alternative cosmology scenario to find a way out of the conflict. This 
will be done in the next section. 



IV. RIGHT-HANDED NEUTRINOS IN THE FRAMEWORK OF 
NON-STANDARD COSMOLOGY WITH LOW REHEATING TEMPERATURE 

It is usually assumed that the radiation-dominated era commences after a period of 
inflation, and that the cold Universe at the end of inflation becomes the hot Universe of 
the radiation-dominated era in a process known as reheating. During reheating, a thermal 
bath of relativistic particles (e.g. electrons and photons) is slowly formed as the coherent 
oscillations of a condensate of zero- momentum massive scalar field <p decays f35 |. The com- 



pletion of the (J) decay marks the commencement of radiation-dominated era at an initiation 
temperature Trh- From a phenomenological point of view, the reheating temperature Trjj, 
which is given in terms of T^,, the lifetime of the massive scalar field ||35||, 



T RH = \M Pl T 



90 



8ir 3 g*(T RH ) 



1/4 

(50) 



could be treated as a free parameter that is model-dependent (i.e. via the dynamics of the 
physics in an expanding cosmic background). It is an a priori assumption in standard big 
bang cosmology that at the initiation of the radiation-dominated era, thermal and chemical 
equilibrium prevail as an initial condition, which is equivalent to the hypothesis that Trh 
is higher than the freeze-out temperature of the cosmological process under consideration 
[in our case here the pertinent process is the production of the right-handed neutrinos, with 
the freeze-out temperature Tp ~ 50 MeV]. However, there is no empirical evidence of the 
radiation-dominated era before the epoch of BBN, i.e. temperature above ~ 1 MeV. The 
only real constraint on Trh is that suggested by BBN which implies that Trh could be as 
low as 0.7 MeV |2§,|2§. 



If the reheating temperature is indeed only of order ~ MeV, interesting modifications to 
some standard cosmological bounds on particle physics would be necessitated. For example, 
with such a low reheating temperature scenario a given dark matter species X may never 
achieve chemical equilibrium with the thermal radiation background, resulting in a relic 
abundance that is much lower than that predicted by standard cosmology. It may therefore 
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be possible that the 422 model might be reconciled with cosmology if Trb is low enough 
(the calculation of the previous section only holds in the limit of high Tr#). We now study 
this possibility. 



A. Relic abundance of the light in the low reheating Universe 

In this subsection we would like to answer the question of whether the alternative 422 
model is consistent with the low reheating Universe by first estimating the relic density of 
the vr\,vr3 neutrinos produced via collisional processes in the non-standard cosmological 
scenario. In such a low reheating scenario, 

Trh < T F ~ 50 MeV, (51) 

which implies that chemical equilibrium of Vr is not attained. This means that n VR <C 
(where n UR , n e ^ R are the actual and equilibrium densities). The heavier v R2 right-handed 
neutrino will be treated separately in Section IV. B. 

There are two distinct types of collisional processes. First, we have the direct produc- 
tion, as already considered in Section III. Second, we have the effect of collisions on the 
oscillating neutrino ensemble. Our purpose is to obtain the present day abundance of the 
right-handed neutrinos by integrating the corresponding Boltzmann equation that governs 
the time evolution of these production mechanisms. 

Assuming n VR = n^, the Boltzmann equation pertinent to the production of the right- 
handed neutrinos via collisional processes in an expanding cosmic background is given by 
[3S| 



dn 



^ + 3Hn UR = -{a\v\)[nl R - ) 2 ], (52) 

where (a\v |) is the total thermal averaged cross section times velocity for the relevant colli- 
sional process that produces the v R state. It is useful to scale out the effect of the expansion 
of the Universe by considering the evolution of the number of particles in a comoving volume 
Y VR = n UR /s, where s is the entropy density. Introducing an independent parameter that 
explicitly depends on the temperature T, x = m UR /T, Eq. (0) can be expressed in the form 



Y% dx H 



Y 



"R 



iu R 



2 



(53) 



where T = nl q (a\v |). If the reheating temperature is lower than Tp ~ 50 MeV (or equiva- 
lently, T H), then the interactions are too weak for chemical equilibrium to be attained. 
In this case, the Y UR term in the right-handed side of Eq. (|)3|) could be dropped (to a good 
approximation) and the equation recast into the form 

Ax dY VR _ T 



3Y^ dx H 



In arriving at Eq. ([54]) we have made use of the ratio of fermion (z/r) and boson (photon) 
at thermal equilibrium, Y^/Yj = n^/n-y = 3/4, where the possible factor of (T„ R /T) 3 = 
dlfterl ' 9 before (which is not significantly different than 1) is ignored. 



16 



In principle, to evaluate the present density of the right-handed neutrinos we have to 
integrate Eq. fl54|) for both reheating era plus radiation-dominated era, i.e. J dY uR = 
Cheating dY »R + Iradiation dY uB, However, J reheating dY uR is governed by model-dependent 
physics of reheating and its contribution to the production of the right-handed neutrinos 
is not determined with defmiteness. We therefore consider only the right-handed neutrinos 
produced in the radiation-dominated era (i.e. for T < Trh) and approximate / dY uR ~ 
Jt° h dYvR, in which the Hubble expansion rate H scales with temperature as in Eq. 

Hence the present day relic abundance of the Vri,Vrs neutrinos is taken as Y UR0 « 
Y UR (T = m UR1 ), obtained by integrating Eq. (Q) from T = T RH to T = m VR1 by employing 
the appropriate relativistic form of the 'effectiveness of production' term, T/HuJ. The colli- 
sional production rate, T = T co1 is the sum of the direct production term and a decoherence 
term (which arises for the effects of collisions on the oscillating neutrino ensemble), 



■i nl p^P _|_ j^col—os (55) 

As was considered in Section III, the relativistic form of T dp for the direct production mech- 
anism is given by Eq. ([fi]). The production rate, Y col ~ osc , is given by [p6|l 



^col—os 



(D Ve + ^ T )(sin 2 (r coH /r 0SC )) sin 2 2ip 
yGpT 5 1 . 2 

— ^ — 2 Sm ^ 56 ^ 



where 37 



Du a = \v Va ~ \y Va G 2 F T 5 (57) 
is the thermally averaged collision frequencies between the left-handed a-neutrinos with the 



background plasma, and y = y Ue + y Vr — 4-0 + 2.9 = 6.9 [pq| . The time scales characterising 
the period of oscillation of v L — {vr) c , t osc , and that of the collisions between the v^s with 
the thermal background, r co u, are given by 

. , 4(E) 14 /keV\ 2 / T \ 

/ MeV\ 5 

(W-l/^-few^^J s. (58) 

Clearly, the oscillation period is very short compared to the average interval between colli- 
sions, i.e. (t osc ) (tcou) for all of the temperature range of interest, so that many oscillations 
occur between successive collisions. As a result, the collisions will not significantly destroy 
the coherence of the ensemble and we have (sin 2 (r co ^/r osc )) = | in Eq. (|56|). 

Because the right-handed neutrinos are much heavier than the left-handed states (so that 
the sign of 5mf- = ™1 Rj — m 2 ~ +ml Rj as defined via Eq. (^) is positive), no oscillation 



***The contribution to Y UR from the non-relativistic regime T = m UR1 — > T = To is very tiny 
compared to that from the relativistic regime, and hence can be ignored. 
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neutrino asymmetry amplification can occur via the oscillations 1 39| , |40 1 . Furthermore, since 
5mfj ~ 10 6 eV 2 [given the mass range of m VR , Eq. f32|)], it turns out that we can neglect 



matter effects for the temperature range of interesttHH. This justifies the use of Eq. (|5l 

We can now plug in the collision rates for both collisional mechanisms, Eq. ( pH| ) and 
Eq. (^) into Eq. (|54|) for T and integrate it to obtain the present number densities of the 
vri, vrz right-handed neutrinos, 

n dp /TpV\ 4 / \ 3 



10 \M Z J VMevJ 



n 7 v M Z 

!^!. 10 -Vf^) 2 (^) 3 . (59) 
n 7 ' \m UR1 J VMeV/ v ' 

Clearly the number density of the right-handed neutrinos is very low, which is of course ex- 
pected given that Trh < Tp. The total contribution of the right-handed neutrinos produced 
via the collisional mechanisms normalized to the critical energy density of the Universe is 
easily computed to be 

< 1+ ^ 2 = < + ^ 2 + <7^ 2 , (60) 

where 



and 



&'^10- V (i|) 3 (^). (62) 



tttj n general, due to interactions that discriminate between the active and sterile neutrinos by 
the thermal background (i.e. the matter effect) ElE^], an effective potential j£| will be induced 
and felt by the a-flavour active neutrinos, thus changing the dynamics of the coherent oscillations. 
The effective potential can be put into the convenient form 

V a = (-a + b) : 13 



2(3.15T) 

where the dimensionless variables a and b are given by: 

a = -2.5 x m-^L^(^C) f * V. b = -ur+(-*-Y(^ 



\6mlJ\MeVJ ' U3 MevJ \Sml 

Here is related to the lepton number asymmetry associated with the a-flavour active neutrino. 
If is not too big then \a\, \ b\ <C 1 for the temperature range of interest, and hence the matter 
effect is very tiny and can be neglected. 
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We see that , VRo h 2 is consistent with a value of ~ unity for a significant range of 



parameters K 



T RH ~ 50 



)(^) + -V(^)]-'MeV. 



We thus conclude that the relic abundance of the vri, v m neutrinos is consistent with the 
cosmo logical energy density bound in the low reheating scenario. 

Let's summarise what we have done so far for the Ur\, vrj, neutrinos. In the alternative 
422 model developed to accommodate the LSND and solar neutrino anomalies, the masses 
m u m m u lie in the range given by Eq. (153), that is 1 keV ~ m 1/R1 ,m u ~ 10 keV. In 



the limit of high reheating temperature, Tr# — > oo, the right-handed neutrinos are fully 
populated and, as shown in Section III, would be inconsistent with the cosmological energy 
density bound. However, in a low reheating scenario, n VR is suppressed and these right- 
handed neutrino will be consistent with the cosmological energy density bound provided 
that Eq. (||) holds. 

Note that since their existence is not excluded by the cosmological energy density bound 
in a low reheating Universe, the light right-handed neutrinos vrx, 1/R3, being effectively stable, 
could be a viable dark matter candidate. Specifically, the right-handed neutrinos in the range 
of keV could play a role as warm dark matter jPJ . We will leave the details of this possibility 
for future study. 



B. Heavy right-handed neutrino decay mediated via the Wr gauge boson 

Having shown that the two lightest right-handed neutrinos, Vri, ur 3 , could exist in a low 
reheating Universe without violating the cosmological energy density bound, we are still 
left with the heavy right-handed neutrino, z/r 2 , to worry about. However, because z/r 2 has 
a large mass (4 MeV ~ m UR2 ~ 1 GeV), it can decay much more rapidly than vrx,urs. 



■'■■'■■'"Technically, Eq. ( |60| ) is not complete. In addition to the collisional processes, there is the 
effect of 'oscillations between collisions'. Because (t osc ) <C {t co u), the number density of vr from 
oscillation of vl is simply given by 

<n ~n v l - sin 2 2V>, 

where n v is the number density of the relic neutrino background, which is related to n 7 via 
n u /nry = 3/11 at present. Thus, the energy density of the light right-handed neutrinos produced 
via the 'pure oscillation' channel is given by 

n osc h 2 3n 7 m UR1 h 2 sin 2 2j) 2 ,/1bV\ 

Clearly this pure oscillation contribution is within the cosmological bound for all parameter space 
of interest. 



19 



Furthermore its production rate is highly suppressed if Trh <C m u R2 ■ For simplicity, we first 
consider v R2 in the standard case of high reheating temperature. Of course, we should keep 
in mind that in the case of low reheating temperature the constraints will be much weaker. 

If v R2 decays rapidly enough, then it will not lead to any cosmological problems. If 
kinematically allowed (i.e. m UR2 > m M + m e + m UR3 ), the dominant decay channel of v R2 is 

vr2 n~e + v R3 . (64) 
This Feynman diagram is shown in Fig. [|. 




FIG. 4. v R2 -^[i e + vji3 decay channel dominated by Wr. 

The decay of u R2 — ^ fi~e + u R3 is similar to that of /i~ decaying into e'v^ + u e , with v R2 
playing the role of yT . In the limit where the masses of the decay products vanish in 
comparison to m VR2 , the lifetime of the v R2 — ^ fi~e + u R3 decay can be roughly expressed in 
terms of the muon lifetime, r M »s 10~ 6 s, 

" m "W VM W J U, fl J " vTeW U^J 
for m„ H2 ~ m M + m e + m^ H3 , (65) 

which is short enough to be consistent with all cosmological and astrophysical bounds. 

If m UR2 ~ rrifj, then the decay of v R2 into muon is not allowed. In this case v R2 decays via 
cross generational mixing into e~e + u R3 which is suppressed by a cross generational mixing 
angle | sin0 12 | ~ 10 _1 . Explicitly, the lifetime of v R2 — > e~e + v R3 is 



r, 



g\ Y(M Wr ^s™ ^ 5 



Vsin^ 12 y VTeVy \m UR J 



Because the annihilation of the e + e~ pair from this decay mode could produce photons 
that potentially distort the CMBR, the v R2 — > e~e + v R3 decay channel is subjected to the 
stringent CMBR constraint T UR2 ^ e - e + UR3 ~ 10 6 seconds [see Fig. 5.6 in Ref. Using Eq. 

(|66|), this constraint implies that 



sin0i 2 ~ 
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In summary, for m VR2 ~ m M the decay of vrz is rapid enough to be consistent with standard 
cosmology (irrespective of the value of the reheating temperature). For m UR2 ~ m M the 
decay is rapid enough provided that Eq. fl67f ) holds. Recall that this is only valid in the 
limit where Trh is high. In the case of low Trh, the astrophysical constraint is much weaker 
(depending on Trh)- 

V. CONCLUSION 

The alternative 422 model is an interesting extension to the standard model for many 
reasons, which include addressing the problem of neutrino masses and their mixings. In its 
minimal form the model quite naturally accommodates a set of simultaneous solutions (with 
active-active neutrino oscillations) to the LSND and solar neutrino data without involving 
any mass scale higher than a few TeV - thereby avoiding the hierarchy problem. It turns 
out that the masses of the 3 right-handed neutrinos URj (j = 1,2,3) are constrained to lie 
between 1 keV - 10 keV (for u m , u m ) and 4 MeV - 1 GeV (for u m ) [see Eq. (0)]. 

On the other hand, standard hot big bang cosmology imposes stringent bounds on the 
masses of these right-handed neutrinos. We show that in the framework of standard cosmol- 
ogy their predicted abundance would violate the cosmological energy density bound. This 
inconsistency between the alternative 422 model and the standard cosmology implicitly as- 
sumes that the reheating temperature is much higher than the freeze-out temperature of 
the right-handed neutrinos, so that the right-handed neutrinos are fully populated during 
the radiation-dominated era. However, if the reheating temperature is low, ~ MeV (not 
excluded by BBN or any other observations), then the right-handed neutrino production is 
highly suppressed. As a result there is a significant range of parameters where the model 
can be reconciled with cosmology. We conclude that low-scale quark-lepton unification is 
a viable candidate for at least part of the new physics suggested by the neutrino physics 
anomalies. 
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